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RE: DOD Grant W81XWH-07-1-0083
PROGRESS REPORT SUMMARY

INTRODUCTION

The goal of this project is to develop an online adaptive treatment technique for prostate cancer
treatments. During the first year, we have developed parallel deformable image registration,
parallel dose calculation and plan optimization algorithms. During the second year, we have
been focusing on improving the robustness of the algorithms and improving online image
quality.

STUDIES AND RESULTS: YEAR 2
A. Improving image quality

Image quality of cone beam CT (CBCT) is a major obstacle in clinical implementation of online
adaptive treatment. CBCT images lack of contrast, and therefore it is not possible to delineate
some of the region-of-interest (ROI). The main reasons for poor image quality are due to
excessive scatter and suboptimal detector performance. We have designed a new online
imaging si)gstem — Tetrahedron Beam Computed Tomography (TBCT) that can conquer these
problems™<.

(&)

Linear detector

Linear source

Figure 1 The new system design for online imaging: Tetrahedron Beam Computed Tomography
(TBCT): (a) mounted on radiotherapy treatment machine, (b) diagram of scanning geometry.

Figure 1 shows the design of TBCT. This system uses a linear scan x-ray tube and a linear
detector array. Due to its unique geometry, the majority of scatter photons are rejected. In
addition, it uses the same type of high quality detector as diagnostic CT scanners. Therefore, it
is expected to be able to achieve the same image quality as a diagnostic CT scanner. We have
acquired an NIH R21 grant to develop a benchtop system. This project was also presented at
the 2008 AAPM annual conference. A manuscript has been submitted to Medical Physics
Journal, and is currently under review.



B. Development of a fast treatment delivery method

During the first year, we implemented a fast parallel treatment plan optimization method using a
Beowulf cluster with a Message Passing Interface. To prepare for clinical implementation, in the

second year, we are focusing on accelerating
treatment delivery. While online adaptive
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Output

Figure 2 Flow chart of IMAT treatment
planning based on iterative fluence intensity
optimization and sliding window conversion.

Figure 3 compares the difference between the
IMAT treatment planning method we developed
and regular 7 field IMRT treatment planning.
We can see the dose distribution from IMAT
treatment planning is very similar to regular
IMRT treatment. It is noted that the target dose by IMAT treatment planning is more uniform
than IMRT. The overall objective score of IMAT is lower than that from 7 field IMRT (0.0699 vs.
0.0994, respectively). We believe the slight improvement is due to the freedom of selecting
optimal angles in IMAT planning. The major improvement in the IMAT method is that it can be
delivered within 2-4 minutes, compared to 15 minutes for a regular IMRT treatment.

While primarily developed for prostate online adaptive treatment, the new IMAT treatment
planning method shows much broader applications in all treatment sites. Head and neck VMAT
treatment planning was difficult because of the difficulty of converting complicated fluences to
deliverable MLC leaf sequences. Our new method solves this problem by taking account of
MLC constraints during optimization iterations.

Because of the freedom of choosing gantry angles, the IMAT treatment planning is more
computationally expensive. This problem can be easily solved by using the parallel dose
calculation and optimization algorithms that we have developed previously. Besides that, we are
also working on Graphic Processing Unit (GPU)-based parallel computing for dose calculation
and optimization. The GPU is a cost effective parallel computing resource. A single GPU may



surpass the computing capacity of a medium scale computer cluster. We expect application of
the GPU will further boost the speed of computation for dose calculation and optimization.

IMRT IMAT

- - DMPO:Bladder
- DMPO:Prostate
DMPO:Rectum
- - - -DMPO:RIing
—— IMAT :Bladder
—— IMAT :Prostate
IMAT :Rectum
—— IMAT:Ring

%volume

0 50 100 150 200 250
Dose (cGy)

Figure 3 Comparison of IMRT treatment planning (top) and IMAT treatment planning (bottom).
The dose distributions and DVHs are very similar, but IMAT treatment can be delivered much
faster, so the impact of intrafraction motion will be minimized.

We will submit abstracts to AAPM and ASTRO annual conferences in March 2009 regarding to
the IMAT treatment planning method. We also plan to submit the implementation of GPU-based
parallel optimization and deformable image registration to AAPM. Manuscripts of publication will
be prepared and submitted a few months later.

C. Model-based automatic segmentation of ROI for prostate treatment

Previously, we developed intensity-based deformable image registration algorithms®*. The
algorithms have been proven to be very robust in some treatment sites, such as head and neck,
breast and lung. However this algorithm is not often successful for organs in the pelvis. This is
due to the extremely large deformation of the bladder and large variation of the contents in the
rectum.

To solve this problem, we decided to change our plan. We are working on combining the model-
based automatic segmentation with intensity based segmentation. We represented the organ
using an ROI surface mesh. Figure 4 shows the surface mesh of the rectum. The surface mesh



is created on treatment planning CT images, then distance transformations are performed to
calculate the distance of pixels to the boundary. With boundary and distance information, we
can treat voxels inside and outside organ differently. We can also weight the voxels basing on
its distance to the boundary. So we can emphasize image information closer to the boundary.
For the shape change, we are currently using penalties on nodal displacement. When we
accumulate enough data, we can perform PCA analysis to determine the eigenspace that
organs deform and penalize the deformation that is out of the eigenspace.
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KEY RESEACH ACCOMPLISHMENT

1. We have invented a new imaging system which can produce diagnostic quality images online
for image guided radiotherapy. We are building a benchtop system with an NIH grant. We
expect a clinical prototype system will be built within three years.

2. We have developed an IMAT treatment planning method that significantly shortens treatment
delivery time. This method can minimize the impact of intrafraction organ motion during online
adaptive treatments. We expect clinical implementation of this treatment planning method within
1-2 years.

3. We are currently combining voxel intensity-based deformable image registration with model
based image segmentation. This method may overcome the problems of inconsistent rectum
filling and large organ deformation. We expect this method can be fully developed within a few
months, after which large scale evaluations will be performed.

REPORTABLE OUTCOMES:

Peer reviewed publications:

1. Tiezhi Zhang, Derek Schulze, Xiaochao Xu, “Tetrahedron Beam CT (TBCT): A New
Design of Online Imaging System for Image Guided Radiotherapy”, Submitted to
Medical Physics Journal.

2. Tiezhi Zhang, Yuwei Chi et al, “Automatic Delineation of Online Head-And-Neck
Computed Tomography Images: Toward Online Adaptive Radiotherapy”, International
Journal of Radiation Oncology, Biology and Physics 2007 68(5): 1572-8.

3. Derek Schulze, Tiezhi Zhang, “Comparison of various online IGRT strategies: The
benefits of online treatment plan re-optimization”, Radiotherapy and Oncology, in press.



Conference presentations:

1. T. Zhang, D. Schulze, “Tetrahedron Beam CT (TBCT): A New Design of Online Imaging
System for IGRT”, AAPM annual conference, 2008.

2. D. Schulze, T. Zhang, “Techniques of Online IMRT Plan Re-Optimization for Prostate
Cancer Treatments”, 50" ASTRO annual conference, Boston, MA, 2008.

3. T.Zhang, et al, “Online delineation of head and neck CT images”, 49" AAPM annual
conference, Minneapolis, MN, 2007

4. T. Zhang, D. Schulze, et al, “Online Adaptive Prostate Cancer Intensity Modulated
Radiation Treatment (IMRT): Method of Online Plan Re-optimization” 49" ASTRO
annual conference, Los Angels, CA, 2007

5. D. Schulze, T. Zhang, et al, “Dosimetric Comparison of Various Online Adaptive Prostate
Cancer Treatment Techniques”, Los Angels, CA, 2007

6. T.Zhang, et al, “Clinical Applications of 3D and 4D Deformable Image Registration for
Image Guided Radiotherapy”, 48" AAPM annual conference, Orlando, FL, 2006

7. T.Zhang, et al, “Automatic Delineation of Daily CT Images for Online Plan Adjustments:
Method and Quantitative Validation”, 48™ ASTRO annual conference, Philadelphia, PA,
2006

8. L. Burgess, T. Zhang, et al, “Image Guided Radiotherapy by Online Plan Re-
optimization: Studies of Dosimetric Benefits by Treatment Simulations”, 48" ASTRO
annual conference, Philadelphia, PA, 2006

Degrees obtained:

1. Derek Schulze, Master of Science, Department of Medical Physics, Wayne State
University, Detroit, Michigan

Funding applied for:

1. Development of A Quasi-CBCT System for Image Guided Radiotherapy, PI, Tiezhi
Zhang, NIH R21, Started on 3/1/2008
In this proposal, we will develop a novel imaging system using a linear x-ray source and
a linear detector. This imaging system may significantly improve the quality of online
images, which is critically important for online ROI delineation.

CONCLUSIONS:

During the second year of this study, we are aiming at future clinical implementation of online
adaptive treatment. We have invented a new imaging technique (TBCT) to improve online
image quality. We have also developed an IMAT treatment planning method which can shorten
the treatment time, thereby minimizing intrafraction motion.

Automatic image segmentation of ROIs for prostate treatment remains a very challenging issue.
We are developing a model-based segmentation method which may overcome the existing
problems. We expect this method can be developed within a few months. We will perform a
large-scale evaluation study thereafter.

REFERENCE:
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2. T. Zhang, Derek Schulze, Xiaochao Xu, “Tetrahedron Beam CT (TBCT): A New Design of
Online Imaging System for Image Guided Radiotherapy”, Submitted to Medical Physics
Journal.
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4. Y Chi, J Liang, T Zhang, et al, “Automatic Contour Delineation On Cone Beam CT (CBCT)
and Verification”, American Association of Physics in Medicine 50" Annual Conference,
Huston, TX, 2008 (Abstract).

5. T zZhang, et al, “Online delineation of head and neck CT images”, 49" AAPM annual
conference, Minneapolis, MN, 2007 (Abstract).



AAPM annual conference 2008 abstract:

Title: Tetrahedron Beam CT (TBCT): A New Design of Online Imaging

System for IGRT
Authors: Tiezhi Zhang, Derek Schulze

Purpose: Cone-beam computed tomography (CBCT) is an important online imaging
modality for image-guided radiotherapy (IGRT) as well as other forms of image guided
interventions. However, current CBCT image quality is inferior to that of the diagnostic
fan beam CT. We have designed a novel Tetrahedron Beam Computed Tomography
(TBCT) imaging system that may achieve the same diagnostic quality as helical CT
scanners.

Material and Methods: The TBCT imaging system is comprised of a linear scan x-ray
source and a linear discrete x-ray detector array. The axis of linear x-ray tube and the
detector array are aligned perpendicular to and within the rotation plane, respectively.
The x-ray beams are narrowly collimated into fan beams and focused to the linear
detector. Detector and x-ray tube rotate slowly while the fan beams scan quickly along
the axis. The TBCT reconstruction geometry is similar to CBCT. Approximate and exact
reconstruction algorithms can be modified for TBCT reconstruction.

Results: TBCT will produce diagnostic quality online images due to its scatter rejection
mechanism and the use of high-performance discrete x-ray detectors. TBCT also has
several other advantages such as larger clearance, ease of performing dynamic field size
and mAs controls, etc.

Conclusion: TBCT will significantly improve online image quality. Clinical
implementation of TBCT would be of importance in IGRT as well as other forms of
image guided interventions.



ASTRO annual conference 2008 (abstract)

Title: Techniques of Online IMRT Plan Re-optimization for prostate cancer
treatments
Authors: Derek Schulze M.S. and Tiezhi Zhang, Ph.D.

Introduction

Online IMRT treatment plan re-optimization can significantly reduce dose to critical
organs. The computation speed of current IMRT treatment planning is not fast enough for
online re-planning. We have developed several methods which may dramatically
expedite dose calculation and optimization and allow for IMRT paln re-optimization
online.

Methods & Materials

Pre-treatment planning was performed. The beamlet doses were calculated and stored for
daily re-planning. On the treatment day, a 3D image (such as CBCT) of the patient is
acquired. Region-of-interests were automatically contoured using our deformable image
registration software. Instead of recalculating dose on the daily images, the pre-treatment
beamlets were then loaded. Then for each dose voxel, the dose values were corrected for
equivalent radiation path length and inverse square distance change in the online images.
The accuracy of the corrected dose was validated using a 3D gamma index evaluation.
Traditional dose calculations on the online image (“true dose”) were used as the
standards of accuracy. This corrected beamlet dose was then used to perform the daily
optimization. For plan re-optmization, Projection Onto Convex Set (POCS) optimization
algorithm was implemented on a multi-node Beowulf cluster using Message Passing
Interface (MPI) parallel programming package. The speedup factor of the parallel
algorithms was benchmarked. After online re-optimization, the new plan can be used for
online adaptive treatment.

Results

Compared to recalculating dose on the online image, correction of pre-treatment beamlet
approach is fast and does not require accurate calibration of CT number which is difficult
to achieve on cone beam CT. Although approximate, the corrected dose is very close to
the exact dose calculation method. Benchmark results showed that the parallel
optimization algorithm is highly scalable. According to Amdahl’s Law , the serial
component of the algorithm is only about 2.6%. Based on the result, it is predicated that
a computer cluster with 32-core CPU could complete the online prostate IMRT
optimization within 17 seconds.

Conclusion

Online re-optimization of prostate cancer treatments is made possible with the presented
techniques.The computation time required for treatment plan optimization is sufficiently
reduced by our methods to make the process feasible in an online setting.



AAPM Annual Conference 2007 (Abstract)

Title: Online Region-of-Interest Delineation of Daily Head and Neck Images
Authors; Tiezhi Zhang, Yuwei Chi, Douglas Drake, Di Yan and Elisa Meldolesi

Purpose: Online imaging modalities, such as cone beam computed tomography (CBCT)
or CT on-rail provide online volumetric images. A fast, automatic and robust region-of-
interest (ROI) delineation method is highly desired in image guided radiation therapy
(IGRT). We have developed such a method and tested it via segmentation of head and
neck (HN) fan beam CT and CBCT images.

Material and Methods: ROIs on planning CT images were manually delineated using
commercial treatment planning system. A variational-based deformable image
registration algorithm was implemented to register planning CT images to daily CT
images. ROIs on planning CT images were automatically mapped to daily images using
voxel matching information between planning and daily image datasets. The results were
quantitatively and qualitatively validated by comparing to manual delineation. In order to
accelerate computing speed, we paralleled the algorithm using message passing interface
(MPI) on a Beowulf cluster with 16 processing elements (PE). Speed improvement was
benchmarked.

Results: The discrepancies between automatically and manually delineated ROIs on fan
beam images were mostly within 2mm. Automatic segmentation of CBCT images was
acceptable by visual inspection. Benchmark results showed that paralleling efficiencies
were above 95% and speedup factors were approximately equal to the number of PE
used. With 16 PEs online delineation of HN images took about 1 minute.

Conclusion: The online ROI delineation method we have developed is robust, fast and is
suitable for HN online adaptive radiation treatments.

This research was partially supported by the Department of Defense Prostate Cancer Research Program
under award number W81 XWH-07-0083.
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Purpose: To compare the dosimetric differences of various online IGRT strategies and to predict potential
benefits of online re-optimization techniques in prostate cancer radiation treatments.

Materials and methods: Nine prostate patients were recruited in this study. Each patient has one treat-
ment planning CT images and 10-treatment day CT images. Five different online IGRT strategies were
evaluated which include 3D conformal with bone alignment, 3D conformal re-planning via aperture
changes, intensity modulated radiation treatment (IMRT) with bone alignment, IMRT with target align-
ment and IMRT daily re-optimization. Treatment planning and virtual treatment delivery were per-
formed. The delivered doses were obtained using in-house deformable dose mapping software. The
results were analyzed using equivalent uniform dose (EUD).

Results: With the same margin, rectum and bladder doses in IMRT plans were about 10% and 5% less than
those in CRT plans, respectively. Rectum and bladder doses were reduced as much as 20% if motion mar-
gin is reduced by 1 cm. IMRT is more sensitive to organ motion. Large discrepancies of bladder and rec-
tum doses were observed compared to the actual delivered dose with treatment plan predication. The
therapeutic ratio can be improved by 14% and 25% for rectum and bladder, respectively, if IMRT online
re-planning is employed compared to the IMRT bone alignment approach. The improvement of tar-
get alignment approach is similar with 11% and 21% dose reduction to rectum and bladder, respectively.
However, underdosing in seminal vesicles was observed on certain patients.

Conclusions: Online treatment plan re-optimization may significantly improve therapeutic ratio in pros-
tate cancer treatments mostly due to the reduction of PTV margin. However, for low risk patient with
only prostate involved, online target alignment IMRT treatment would achieve similar results as online
re-planning. For all IGRT approaches, the delivered organ-at-risk doses may be significantly different

from treatment planning prediction.

© 2008 Elsevier Ireland Ltd. All rights reserved.

The purpose of treatment-room imaging technologies has been
to accurately position the patient for daily treatments. This in-
creased accuracy justifies a smaller clinical target volume to plan-
ning target volume (CTV-PTV) margin [1], decreasing the
consequent collateral damage to normal tissues. While treat-
ment-room imaging methods are certainly a step forward for radi-
ation oncology, the efficacy of these image-guided treatments
depends on a treatment plan optimized using a single snapshot
of the patient anatomy, typically via the simulation computed
tomography (CT). This planning method assumes that the shape
and position of the target do not change from day to day. This
assumption is often violated due to setup variation and daily ana-
tomic position changes. As image guidance technologies begin to

* Corresponding author. Address: Department of Radiation Oncology, William
Beaumont Hospital, 3601 W. Thirteen Mile Road, Royal Oak, MI 48073, USA.
E-mail address: tiezhi.zhang@beaumont.edu (T. Zhang).

0167-8140/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.radonc.2008.08.012

provide a new level of information during each treatment, new
strategies should be adopted to ensure that the best treatments
are delivered to the greatest number of patients.

Perhaps the key issue in image guidance is how the information
is used to modify treatment [2,3]. We classify the online image-
guided radiation treatments (IGRT) into three different precision
levels: (1) bony alignment, (2) target alignment, and (3) re-planning.

Bony alignment. Of the three IGRT strategies, bony alignment
has the lowest requirement for online image quality, as projection
radiographic image quality allows visibility of high contrast bony
landmarks but not soft tissues. This method can be implemented
by using electronic portal imaging devices (EPIDs) [4]. In clinical
treatment, the 2D megavoltage (MV) images can be registered to
a digitally reconstructed radiograph (DRR) or to treatment plan-
ning CT via 2D-3D registration [5]. Depending on the definition
of registration volume and image quality, volumetric online images
from kilovoltage cone beam CT (kV-CBCT) and MV-CBCT may also

ther Oncol (2008), doi:10.1016/j.radonc.2008.08.012
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be registered at bony structures due to the high contrast to sur-
rounding soft tissues [6]. Most current IGRT treatments correct
only the three translational components of rigid-body motion.
Six-degree-of-freedom corrections can be achieved with a robotic
couch (Hexpod™, Medical Intelligence GmbH, Schwabmiinchen,
Germany) [7] or by rotating the couch, collimator and gantry alto-
gether [8]. In the treatment simulation study, we registered the
daily treatment images to the planning CT images at the pelvic
bones with six degrees of freedom to simulate bony alignment
approach.

Target alignment. Aligning directly to the target requires better
image quality. The boundary of the low contrast (soft tissue) treat-
ment target needs to be identified. For prostate treatments in par-
ticular, it may be difficult to align the target in IGRT treatment
using CBCT due to its inferior image quality. Another approach to
align at the target is to use implanted fiducial markers, which are
visible through portal imaging [9]. The basic application of this
technology would be to identify the target center-of-mass based
on the average position of three markers. In our clinical experience,
however, we found that the target motion may include large rota-
tional components. It is unrealistic to fully correct the rotation
[10]. Thus, in the simulation study, we only correct the translation
component by translating to the center-of-mass.

Re-planning. If the target and organs-at-risk (OARs) can be
delineated on online volumetric images, it is possible to generate
a new plan in each treatment day [11]. For 3D conformal radiation
treatment (3D-CRT) plans, the beam aperture can be changed
according to the shape of the target seen in the beam’s-eye-view
(BEV) [12]. For intensity modulated radiation therapy (IMRT) plans,
the beamlet weight can be re-optimized on a daily basis to mini-
mize the dose to the OAR while maintaining the target dose
[13,14]. It is reasonable to use rectum and bladder walls during in-
verse planning of prostate cancer treatments, so long as the intra-
fraction motion can be limited to a negligible level. With these
biologically relevant inverse planning objectives, the dose to the
OAR may possibly be further reduced.

Re-planning theoretically provides the highest precision and
does not need specialized hardware such as the robotic couch.
However, online re-planning requires superior online image qual-
ity, as well as fast and robust algorithms to perform automatic re-
gion-of-interest (ROI) delineation [15], dose calculation, and
beamlet weight optimization. We are actively developing the tech-
niques to facilitate online re-planning. In this study, we performed
both 3D-CRT and IMRT treatment planning and treatment simula-
tion studies for several online IGRT strategies. The purpose of this
study is to investigate the potential benefits of the re-planning ap-
proach in prostate cancer treatments, and to characterize the limits
of the other IGRT methods.

Methods and materials
Treatment planning

Image data from nine prostate cancer patients treated at Wil-
liam Beaumont Hospital in Royal Oak, MI, USA, were used in this

Table 1
A summary of IGRT approaches simulated in this study

study. The nine patients were randomly selected from our patient
database. We assume the magnitude of organ motions of these ran-
domly selected patients represent typical prostate population.
Treatment planning CT images were acquired with a conventional
helical CT scanner. There was no bowel preparatory instruction or
procedure for any simulation or treatment day images. For each of
these images, contours of prostate, seminal vesicles (SV), rectum
(volume and wall), and bladder (volume and wall) were hand-
drawn by a single observer. Based upon the contours, treatment
plans were generated using the Pinnacle™ treatment planning sys-
tem (TPS) (Philips Radiation Oncology System, Madison, WI). The
patients were planned as if they had intermediate or high risk dis-
ease, and therefore the CTV included both prostate and seminal
vesicles. The average prostate volume was 40.7 cm® (range: 22.5-
54.4 cm®). OARs were limited to bladder and rectum. The average
rectum volume was 120.5 cm? (range: 45.0-189.5 cm?).

The prostate shows significant movement relative to the pelvic
bones [16]. Thus, a uniform 1-cm CTV-PTV margin is used to com-
pensate for interfraction organ motion in both 3D-CRT and IMRT
treatment plans which are intended for use with the bony align-
ment treatment method. Results from these treatments will dem-
onstrate the adequacy of a widely practiced IGRT method.

Since the target alignment treatment method can account for
translational interfraction motion, the motion margin can be
greatly reduced. In the 3D-CRT re-planning and IMRT re-planning
methods, all interfraction motions are expected to be compen-
sated, and so there is no motion margin component in the PTV
for these methods. This will also give us a feeling about the dosi-
metric robustness of various IGRT methods to the target transla-
tions, deformations, and to the rotations involved. Intrafraction
motion is neglected in this study.

An arbitrary dose of 91.0 Gy was prescribed to the PTV, though
results will focus on relative dose values, scalable to any prescrip-
tion. All treatment plans used five coplanar beams at 0°, 81°, 144°,
216°, and 279°. DVH-based dose-volume objectives were chosen
to minimize bladder and rectum doses while maintaining PTV dose
uniformity during inverse planning.

The IGRT approaches and the corresponding treatment planning
methods are listed in Table 1. Five 3D-CRT and IMRT treatment
planning methods formed the bases for the online IGRT
treatments:

(1) CRT 1-cm. 3D-conformal radiotherapy to 95% of the isocenter
with 1-cm CTV-to-PTV margin and 6-mm PTV-to-block pen-
umbra. This plan was used for CRT bony alignment IGRT
approach (CRT Bone).

(2) CRT 0-cm. 3D-CRT plan to 95% of the isocenter with 0-cm
CTV-to-PTV margin and 6-mm PTV-to-block penumbra. This
plan was used for CRT re-planning via aperture change
approach (CRT Re-plan).

(3) IMRT 1-cm. Inverse-planned IMRT with 1-cm CTV-to-PTV
margins and OAR-volume as optimization objectives. This
was used for IMRT bone alignment treatments (IMRT Bone).

(4) IMRT 0-cm volume. Inverse-planned IMRT with 0-cm CTV-to-
PTV margins and OAR volumes as objectives. This method

Planning method CTV-PTV margin (cm) Organs-at-risk

Image guidance Treatment name

CRT 1-cm n/a
CRT 0-cm n/a
IMRT 1-cm Bladder and rectum volumes

IMRT 0-cm Volume
IMRT 0-cm Volume
IMRT 0-cm Wall

oo —=0O~—=

Bladder and rectum walls

Bladder and rectum volumes
Bladder and rectum volumes

Bony Alignment CRT Bone
Block shaped to daily PTV CRT Re-plan
Bony Alignment IMRT Bone
Isocenter shifted to daily PTV center-of-mass IMRT Target

Complete daily IMRT re-optimization
Complete daily IMRT re-optimization

IMRT Re-plan Volume
IMRT Re-plan Wall

The information of a row from left to right describes how a planning method relates to an IGRT treatment method.
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was used for both IMRT target alignment (IMRT Target) and
IMRT re-planning with OAR volumes as constraints
approach (IMRT Volume).

(5) IMRT 0-cm wall. Inverse-planned IMRT with 0-cm CTV-to-
PTV margins and OAR walls in optimization objectives. This
method was used for IMRT re-planning with OAR walls as
constraints approach (IMRT Wall).

Virtual treatment simulations

In addition to treatment planning CT images, 10-treatment-day
helical CTs were also acquired for each patient. The treatment-day
images were acquired during the 6-8-week treatment courses
with intervals of 3-5 days. The 10-treatment-day images were
used to simulate 10 treatment fractions for all online IGRT tech-
niques. The daily images were registered to the planning image
using bony anatomy in Pinnacle. The ROIs were manually delin-
eated on all daily images after bony registration. As an indication
of the range of interfraction motion, Fig. 1 shows a treatment plan-
ning image with contours overlaid from bone registered daily
images.

Ideally, treating a patient positioned by bony landmarks can be
simulated by calculating dose on the daily images. However, due to
technical issues with Pinnacle, dose calculation on daily images
was not possible for the images where non-zero rotational compo-
nents exist in registration parameters. Previous studies have
shown that replacing a daily CT with the planning CT introduces
minimal dose calculation error [17]. By using daily images which
were registered to the planning image without rotation, we were
able to determine that calculating daily dose on the planning im-
age introduces an EUD error in the studied ROIs of less than 1%.
Thus in this study, daily treatment dose was calculated using voxel
densities from the planning CT, as this method introduces negligi-
ble error. Calculating DVHs from dose to daily contours will accu-
rately represent all daily motions, as the rotation present in
registered daily images will be preserved in the contour shape.

Retrospective virtual treatment simulations were performed in
order to compare different online IGRT treatment methods. Com-
pared to interfraction motion, intrafraction motion is relatively
small [16]. In this study, we only focused on interfraction motion,

Fig. 1. Planning CT showing bladder (yellow), CTV (red), and rectum (green)
contours. Thick lines define contours from the planning day. Thin lines show the
positions of the organs on different treatment days. Contours were generated after
registration of bony anatomy.

while intrafraction motion was neglected. Treatment methods
were simulated that were associated with different levels of image
guidance. The relationship between planning methods and treat-
ment methods is summarized in Table 1.

Bony alignment. Bony alignment was simulated by registering
the daily treatment images to the planning CT images at the pelvic
bones with six degrees of freedom. Doses for CRT Bone and IMRT
Bone treatments were calculated using the unmodified CRT 1-cm
and IMRT 1-cm plans. This simulates the position correction avail-
able from standard imaging systems combined with the robotic
couch.

Target alignment. Aligning directly to the target requires better
image quality. The boundary of the low contrast (soft tissue) treat-
ment target needs to be identified. For prostate treatments in par-
ticular, it may be difficult to align the target in IGRT treatment
using CBCT due to its inferior image quality. Another approach is
to use a portal imager to visualize implanted fiducial markers
[9]. One application of this technology that is possible with CBCT
would be to identify the target based on the average 3D position
of three markers. In our clinical experience, however, we found
that the target motion may include large rotational components.
With the standard couch, it is unrealistic to correct the rotation
without modifying the treatment plan. Furthermore, the maximum
rotation of the Hexpod™ robotic couch is about 2.5-3.0°, and so
some large rotations cannot be corrected in this fashion. In this
study, we simulated an image-guided treatment available to many
institutions by only translating the isocenter to the daily target’s
center-of-mass. After moving the isocenter, daily doses were calcu-
lated using the original IMRT O cm Volume plans. This approximates
the use of implanted markers based upon the assumption that
marker position accurately reflects target position. For the pur-
poses of this study, this treatment method was labeled IMRT Target.

Re-planning. The CRT Re-plan treatments started from the CRT 0-
cm plan. On each treatment day, beam apertures were changed to
the daily shape of the target in the beam’s-eye-view (BEV) [12], but
the monitor units (MUs) delivered by each beam were kept the
same as in the original treatment plan. This makes the re-planning
process much simpler from a computational standpoint, as dose re-
calculation is unnecessary.

For intensity modulated radiation therapy (IMRT) plans, the
beamlet weight can be re-optimized on a daily basis to minimize
the dose to the OAR while maintaining the target dose [14]. So long
as the intrafraction motion can be limited to a negligible level, it is
reasonable to use rectum and bladder walls during inverse plan-
ning of prostate cancer treatments. With these biologically rele-
vant inverse planning objectives, the dose to the OAR may
possibly be further reduced.

The IMRT Re-plan Volume and IMRT Re-plan Wall treatments in-
volve complete re-planning on each treatment day. Moving beyond
the CRT Re-plan method to these treatments requires overcoming
the technical challenges of online dose calculation and beamlet
weight optimization. To simulate this process, daily doses were
calculated after daily re-planning using the IMRT O-cm Volume
and IMRT 0-cm Wall planning methods.

Dose accumulation

All daily doses were exported to an in-house dose accumulation
software utility [18]. In this utility, a finite element (FE)-based
deformable registration algorithm was used to obtain voxel match-
ing information between daily and planning CT images. FE models
were created using ROI contours from planning CT images. The dai-
ly contours were used as boundary conditions to limit the organ
deformation. The deformation state with minimum internal elastic
energy was obtained. The voxel displacements were obtained by
interpolating the FE results to the CT voxel grid.
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With voxel displacements, dose accumulation is straightfor-
ward. The accumulated dose D at position X, can be obtained by

N
D) = d;X + 1), M
j=1
where N is the total number of fractions, d; the daily dose from the
treatment fraction j, and i is the daily displacement of the FE sub-
volume from its original position X.

Evaluation methods

Dose from treatment planning and simulated delivery was eval-
uated using the equivalent uniform dose (EUD), as in Eq. (2), where
Vis the reference volume, and D(v) is the dose to the sub-volume v.

1/a
EUD(V, a) = <Z % : D“(v)) 2)

veV
As in the previous studies [19], the volume parameter for pros-
tate and seminal vesicles was chosen as a = —7. With regard to nor-
mal tissues, values were chosen as a =2 for bladder, and a = 8.33
for rectum.

Results
Comparisons of treatment planning results

This study included five different treatment planning methods.
3D-CRT and IMRT were used in treatment planning, and different
treatment planning methods used different CTV-PTV margins (0-
cm and 1-cm). The EUDs of the OARs (rectum and bladder) were
calculated and compared to the prostate EUD. Unless otherwise
noted, percentage values discussed in the following treatment re-

sults are based upon the target (prostate) EUD dose in the respec-
tive treatment plan.

In order to provide a complete description of results from one
randomly selected patient, Fig. 2 shows the dose-volume histo-
grams (DVHSs) of one patient (#9) from the five planning methods
studied. It can be seen that IMRT plans have less homogeneous tar-
get dose. Bladder dose appears to be similar for both plans with 1 cm
margins. IMRT significantly reduces rectum dose. Rectum dose is
similar between the CRT 0-cm method and the IMRT 1-cm method,
even though the latter one has a 1-cm interfraction margin.

The planned bladder and rectum EUDs for all patients are sum-
marized in Table 2. For the same patient, OAR doses by all treat-
ment planning methods were also normalized to the IMRT 1-cm
plan. When rectum and bladder walls were used in IMRT optimiza-
tion, the shapes of the dose distributions look different as com-
pared to using the volumes. The top panels of Fig. 3 show the
fluence maps of the anterior-posterior (AP) beam and isodose dis-
tributions from IMRT 0-cm Volume and IMRT 0-cm Wall plans. In
the volume-based plan, fluence is decreasing where the beam
passes a greater distance through the whole organ, while intensity
in the wall-based plan is decreased only in a ring where pathlength
through the bladder wall is greater. The isodose lines form a “W”
shape as they first retract along the walls, then extend into the cen-
ter of bladder and rectum in IMRT Wall plan. On the contrary, the
IMRT Volume plan has lower weightings for the beamlets through
the center of the bladder, with isodose lines extending a minimum
distance into any part of the sensitive organs. Despite this obvious
qualitative difference, the improvement of the bladder and rectum
EUD dose (as a percent of prostate dose) from IMRT Volume to IMRT
Wall plans is barely noticeable at 1.01 £0.97% and 1.71 + 1.53%,
respectively.

Selecting an altogether different planning method has a greater
impact on the OAR dose than changing the particular definition of
the normal tissue volume. With the same 0-cm margin, IMRT plans
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Fig. 2. Comparison of dose from five treatment planning methods for patient #9, described by dose-volume histograms.
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Table 2
Comparison of planned rectum and bladder EUD doses from various treatment
planning methods

Patient  CRT 1-cm CRT 0-cm IMRT 1-cm IMRT volume  IMRT wall
# (%) (%) (%) (%) (%)

Rectum

1 95.0 84.3 823 67.8 66.7
2 88.9 82.5 85.9 744 75.4
3 88.5 80.5 88.1 74.1 70.2
4 92.5 84.6 82.9 77.4 74.2
5 89.9 80.3 82.1 72.6 70.7
6 93.6 83.6 833 70.7 70.1
7 89.4 77.9 85.2 70.2 68.4
8 923 80.1 85.7 71.1 68.0
9 94.7 84.6 82.8 72.0 71.2
Mean 91.6 82.1 84.3 72.3 70.5
Bladder

1 78.6 63.6 67.7 56.2 54.0
2 76.2 59.6 67.3 52.4 52.8
3 50.9 40.1 52.5 40.8 39.7
4 63.3 49.4 58.1 48.1 48.3
5 70.5 53.0 64.7 51.6 50.3
6 83.5 66.8 73.2 59.5 57.4
7 60.8 473 58.7 47.5 45.8
8 64.9 48.3 60.0 46.9 45.7
9 59.3 459 56.4 45.0 449
Mean 67.6 52.7 62.1 49.8 48.8

The values are expressed as percentages of target (prostate) EUD dose.

(IMRT Volume and IMRT Wall) reduced bladder dose by an average
of only 3% compared to 3D-CRT plans (CRT-0-cm), and rectum
doses were reduced by 11%. When using a 1-cm margin, there
are decreases when changing from CRT to IMRT plans in rectum
and bladder doses, by about 7% and 6% of target dose, respectively.
The choice of an appropriate CTV-PTV margin is a more important
factor that determines OAR doses. For the same planning method,
the rectum dose in 0-cm margin plans is, respectively, 10% and 11%
lower using CRT and IMRT methods than their corresponding plans
with 1-cm margins. The bladder dose reductions are even larger, at
15% and 14% when a 0-cm margin is used instead of a 1-cm margin
for CRT and IMRT, respectively.

Virtual treatment simulation results

Fractional dose

The fractional doses for different online IGRT strategies were
calculated using the methods described in previous sections. Histo-
grams of differences of the individual fraction dose from the
planned EUD can be seen in Fig. 4 for all treatment fractions
(N=90). All IGRT strategies were able to deliver consistent dose
to the prostate. However, dose to the seminal vesicles (as a fraction
of planned seminal vesicle dose) was reduced by more than 20% in
one fraction from the IMRT Target method. On this day, the prostate
had moved 0.17 cm to the posterior from the planning position
while the seminal vesicles had moved 1.35cm in the anterior

Fig. 3. Top: AP beam fluences from treatment plans optimized with OAR volume (left) and OAR wall (right). Bottom: Isodose profiles from IMRT treatment plans using (a)
organ volumes and (b) organ walls. Bladder wall, seminal vesicles, and rectum wall are contoured in dark blue, light blue, and green, respectively. Isodose levels range from

55% to 105% of the isocenter dose.
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Fig. 4. Histogram of individual fraction deviations from planned EUD, expressed as percent of the respective organ planning dose. Total number of treatment fraction N is 90.

der dose deviation appears to be similarly random for all treatment

direction. There were several fractions where IMRT Bone delivered
methods. In the rectum, only the two 3D-CRT methods delivered

a seminal vesicle dose that was at least 5% less than planned. Blad-
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Fig. 5. DVH of accumulated dose after 10 treatment fractions (patient #9).
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dose that was consistently within +10% of the planned amount. De-
spite this benefit in treatment consistency, CRT plans resulted in
larger rectum dose than IMRT plans with the same margin.

Accumulated dose

The fractional doses were accumulated using in-house FE-based
dose accumulation software. Fig. 5 shows the DVH of accumulated
dose for Patient #9. Fig. 6 shows the accumulated doses for all pa-
tients after ten fractions. The EUD values were normalized to the
target (prostate) EUD in the treatment plan of the same patient
with the same IGRT strategy. The prostates were all well covered,
with only one patient’s EUD value at about 97% in the IMRT tar-
get alignment approach. Seminal vesicles, however, showed a lar-
ger difference, with the IMRT target alignment approach showing
more severe underdose than other methods. The delivered EUD
was only about 93% of the planned value on patient #2. Even with
1-cm CTV-PTV margin, the IMRT bone alignment showed slight
underdose on patients #2 and #9. The accumulated dose results
support the conclusion derived from individual fraction doses that
IMRT is more sensitive to organ motion than 3D-CRT treatments.

Table 3 summarizes rectum and bladder doses achieved by dif-
ferent online IGRT approaches. Remarkable differences in OAR
doses are observed when choosing different online IGRT strategies.

Rectum

Percent of target dose
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Patient #

The CRT Bone approach delivered the highest OAR doses, with the
bladder and rectum, respectively, on the average receiving 91%
and 71% of target dose. IMRT re-planning approaches obtained
the lowest bladder and rectum doses, with average values of 68-
69% of target dose to rectum and 49-50% to the bladder. The IMRT
target alignment approach obtained OAR doses that are similar to
though slightly (1-5%) higher than the IMRT re-planning ap-
proaches on most patients. It should be noted that even though
the IMRT target alignment method results in similarly low OAR
dose, it did not deliver as reliable seminal vesicle dose as re-plan-
ning approaches. However, if only the prostate is the target, the
IMRT target alignment method would be closer to the re-planning
approach.

Difference from treatment plan prediction

A major purpose of treatment planning is to predict OAR doses.
With an estimate of the risk of complication based on this dose, an
appropriate maximum prescription dose can be determined. How-
ever, due to the organ motion, the actual delivered dose may be
very different from the prediction in the treatment plan. We plot-
ted the discrepancies between treatment plan prediction and accu-
mulated dose after virtually simulated delivery in Fig. 7. For all
IGRT approaches, the deviation of prostate dose is small. Online
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Fig. 6. Accumulated EUD from 10 treatment fractions for different online IGRT strategies.
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Table 3

Comparison of delivered rectum and bladder doses by different online IGRT methods

Patient CRT CRT re- IMRT IMRT IMRT re-plan IMRT re-plan
# Dbone (%) plan (%) bone (%) target (%) volume (%) wall (%)

Rectum

1 94.5 83.3 85.2 734 68.3 67.8

2 87.4 80.8 72.0 63.6 65.9 66.4

3 85.7 80.8 73.1 75.4 69.4 66.3

4 92.1 81.9 80.2 70.1 70.7 70.1

5 89.8 79.7 829 72.6 69.4 68.2

6 92.4 83.6 84.0 72.7 71.8 71.8

7 88.9 78.8 77.6 68.6 65.0 64.2

8 90.2 79.1 83.2 73.3 70.1 69.3

9 93.5 81.8 78.4 70.6 70.1 68.4

Mean 90.5 81.1 79.6 71.1 69.0 68.0

Bladder

1 75.5 66.4 61.9 56.8 55.7 54.9

2 81.5 61.3 71.8 53.5 51.8 51.7

3 68.9 48.7 69.7 51.8 48.3 47.6

4 76.9 54.1 68.1 55.9 50.5 50.3

5 74.5 56.7 69.5 57.2 53.1 524

6 81.8 66.8 74.1 60.6 61.5 60.0

7 60.3 41.5 58.6 42.4 41.7 40.5

8 62.7 41.7 58.3 41.4 421 40.8

<) 60.2 46.0 57.7 45.5 44.9 443

Mean 71.3 53.7 65.5 51.7 49.9 49.2

The values are expressed as percentages of target (prostate) dose.

IMRT re-planning approaches show small but noticeable target
dose variations. This is due to the daily geometry changes that al-
tered the weightings of optimization components. Thus, it may be

54
-
o 31
& 2
§ 1]
;o :
2 4] t :
c
S 21
o
& 31
(=]
4 4
'5 T T T T T
N
20 aed®” (20 <o g
o e B e N@\l WE

204 A  Bladder

15

10

Deviation from Plan (% EUD)
S}

04
5
-104
a5l : . . ;
0 00 oo o <<‘e \Na\\
< ©° 20 < © < O
CARE N A S

necessary to re-scale the monitor units (MUs) based on the pros-
tate dose in daily re-optimization. The seminal vesicles show large
variations from IMRT bone and target localization approaches.

The rectum doses show large plan-delivery discrepancies in all
IMRT treatments. Although the mean discrepancy across all pa-
tients is close to zero, the standard deviation is larger than 5%.
The standard deviation is slightly smaller in IMRT re-planning ap-
proaches, but not very significant. The 3D-CRT treatments are more
consistent, as the mean of discrepancies is close to zero and stan-
dard deviation is smaller than 3%. For bladder, all online IGRT ap-
proaches show large variations from treatment plan predictions.
The standard deviation of plan-delivery discrepancies for this or-
gan is large, around 15% in most IGRT approaches, while the stan-
dard deviations for IMRT re-planning approaches are smaller, at
about 10%.

Discussion

Traditional radiation treatments strategically treat volumes
greater than the clinical target tissues to the prescription dose in
order to achieve a high probability of treatment success in spite
of daily tumor position uncertainty. Many studies have been done
to typify organ motion, and a number of CTV-to-PTV margin reci-
pes [20,21] have been devised to make the selection of margin size
a more informed decision. Schaly [2] found that normal tissue dose
is not reduced with image guidance alone, but by with the combi-
nation of image guidance with smaller CTV-PTV margins. This re-
sult is supported by our study.

Interfraction motion has been recognized as the largest contrib-
utor to target position uncertainty in tumors unaffected by respira-
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Fig. 7. Discrepancies of cumulative delivered doses from treatment plan prediction, expressed as mean and standard deviation of all patients. The columns are the mean and

the error bars are the standard deviation of the difference.
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tory motion [16]. In this study, intrafraction motion was not simu-
lated. Ghilezan et al. showed that prostate intrafraction motion
correlated with rectal filling [19] and the amplitude of motion in-
creased with elapsed time. This suggested the importance of short-
ening treatment time. Recently, study by Nijkamp et al. shows that
the diet and laxatives can reduce prostate motion during treatment
[22]. The patients in this study had no special procedures to limit
rectal filling, so our results represent an upper limit of therapeutic
ratio which may be lower for patients who do use methods to con-
trol rectal volume. Also, a realistic margin would compensate for
other uncertainties, such as errors in contouring, image registra-
tion, and position alignment.

Due to limited image datasets, only 10 treatment fractions were
simulated in this study. The results of this study may be directly
applied to hypo-fractionated treatment. However, care should be
taken when extrapolating beyond our results, as a regularly frac-
tionated prostate treatment may involve 35-40 fractions. In that
case, we expect the target underdosing will be reduced if the mo-
tion is mostly random and the CTV definition in treatment is close
to the mean position. However, if the target motion has a trend or
the CTV definition is deviated from mean position, dose coverage
would not improve with more fractions. To illustrate the change
of accumulated dose during treatment course, Fig. 8 shows daily
doses and accumulated doses of patient #6 for 10 fractions. The
coverage is improved during the first three fractions and then sta-
bilized after that.

Technologies such as EPIDs, CALYPSO, CBCT, and CT-on-rails al-
low accurate tracking of the target on a daily basis, and their use
justifies reduction of the margin size. With no margins, the IMRT
Target simulations essentially treated only the CTV. While there
was underdosing in the seminal vesicles, satisfactory prostate dose
was achieved for most patients. This result indicates that much
smaller margins are justified around the prostate than the seminal
vesicles, and that when treating prostate alone by this method, the
size of the motion margin can be dictated only by the extent of
intrafraction motion. For low risk patients, using implanted mark-
ers to locate the target each day can significantly reduce normal
tissue dose while maintaining target coverage. For patients with
high risk disease, the chance of microscopic or occult disease is in-
creased. In the case of prostate patients, this is evidenced by extra-
capsular extension [23] and seminal vesicle involvement [24].
While the CTV-PTV margin has nominally accounted for target
motion, its unintentional function has been to also treat these cells
that are not traditionally included in the CTV. Therefore, this extre-
mely conformal approach, which does not account for target rota-
tions and deformations, is expected to be less successful in high
risk patients.

Increasing levels of image guidance complexity provide more
information with which to re-evaluate the treatment on a more
frequent basis. The CRT Re-plan method using aperture change
makes easy use of this information, as it simply shapes the blocks
each day to the new PTV. After ten treatment fractions, the rectum
dose from this method was very similar to that from the more
standard IMRT Bone method. Also, Fig. 7 shows that all patients re-
ceived adequate seminal vesicle dose and 8 of 9 patients received
lower bladder dose by the CRT re-planning method. Though nor-
mal tissue sparing is limited by the convexity of the dose distribu-
tion and the penumbra size, this treatment provides very
consistent target coverage. In reality, this treatment is not feasible
in the absence of robust automatic contouring technology. How-
ever, since this method requires no further optimization, it is prob-
ably the least computationally intensive online adaptation that can
be performed with this image data.

The most computationally intensive adaptation would involve a
complete IMRT re-optimization of the original treatment plan.
Compared to the IMRT Bone treatments, target coverage was main-
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Fig. 8. Change of accumulated dose and daily dose through 10 fractions of patient
#6.2.

tained for all patients, while bladder and rectum doses were,
respectively, reduced by approximately 16% and 11%. This ap-
proach requires online ROI delineation and online plan re-optimi-
zation techniques. Although challenging, it is feasible to achieve
these goals in the near future. We have developed an automatic
ROI delineation method for HN images [15]. In principle, the same
method can also be used on prostate images, but CBCT image qual-
ity is a major obstacle. In order to perform IMRT re-planning online,
high performance computing techniques can be employed to accel-
erate computation. We were able to accelerate the deformable im-
age registration speed by a factor close to the number of processing
elements using a Beowulf cluster. Wu et al. showed that online
IMRT re-optimization and MLC leaf conversion are achievable
within 2-3 min [13].

In this study, we employed online IMRT re-planning approaches
in which bladder and rectum volumes or walls were used as opti-
mization constraints. The resulting difference between the two ap-
proaches, IMRT Re-plan Volume and IMRT Re-plan Wall, was shown
to be small. When choosing OAR walls instead of the standard vol-
umes, reduction of doses to bladder and rectum is limited to less
than 1% on average, though using this approach does not drasti-
cally increase technical complexity. Extracting bladder and rectum
walls from volumes would be straightforward, so it would be rea-
sonable to employ the IMRT-wall approach for a small but cost-
free improvement. This conclusion applies specifically to online
re-planning methods, as any benefit from standard planning meth-
ods is expected to be negated by interfractional tissue shape
changes.

An interesting result of this study is that IMRT techniques are
much more sensitive to organ motion than CRT techniques. This
is because the IMRT plan is more conformal, meaning that the dose
gradient surrounds the target more tightly. Even with a 1-cm mar-
gin, underdoses in SV were still observed in several patients. Thus,
regardless of margin size, high precision image guidance is more
important in highly conformal treatment techniques. From this re-
sult, we would expect image guidance and intensity/energy modu-
lation to be a decisive factor in proton prostate cancer treatments,
where sharp dose gradients beyond the Bragg peak combined with
particle penetration depth uncertainties create opportunities for
significant dosimetric consequences.

We noticed that even in the online re-planning techniques,
large discrepancies are shown between planning and accumulated
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bladder and rectum doses. This encourages a close-loop adaptive
treatment technique with dose tracking, in which the re-planning
takes account of accumulated dose up to that point in the treat-
ment course [25,26]. Otherwise, while OAR doses may meet con-
straints in treatment planning, they are likely over the limits in
actual treatments.

Conclusions

Online treatment plan re-optimization may significantly im-
prove therapeutic ratio in prostate cancer treatments when semi-
nal vesicle is involved mostly due to the reduction of PTV
margin. However for low risk patient with only prostate involved,
online target alignment IMRT treatment would achieve similar re-
sults as online re-planning. For all IGRT approaches, the delivered
organ-at-risk doses may be significantly different from treatment
planning prediction.
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